Ochratoxin A (OTA) can induce renal tumors that originate from the S3 segment of the proximal tubules in rodents, but the results of conventional mutagenicity tests have caused controversy regarding the role of genotoxic mechanisms in the carcinogenesis. Human exposure to OTA from various foods is unavoidable. Therefore, an understanding of OTA-induced renal carcinogenesis is necessary for accurate estimates of the human risk hazard. In the present study, a 13-week exposure of gpt delta rats to OTA at a carcinogenic dose induced karyomegaly and apoptosis at the outer stripe of the outer medulla (OM) of the kidney but failed to affect the reporter gene mutations in DNA extracted from whole kidneys. This site specificity resulting from the kinetics of specific transporters might be responsible for the negative outcome of in vivo mutagenicity. The kidney was then macroscopically divided, based on anatomical characteristics, into the cortex, the OM, and the inner medulla, each of which was histopathologically confirmed. Spi 2 mutant frequencies (MFs) but not gpt MFs in the OM after a 4-week exposure to OTA were significantly higher than in controls despite the absence of cortical changes. There were also no changes in 8-hydroxydeoxyguanosine levels in kidney DNA. These results strongly suggest the involvement of a genotoxic mechanism, with the exception of oxidative DNA damage in OTA-induced renal carcinogenesis. In addition, the reporter gene mutation assay using DNA from target sites could be a more powerful tool to investigate in vivo genotoxicities.
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Ochratoxin A (OTA) is a mycotoxin produced by fungal species, some of which belong to the Penicillium and Aspergillus genera and is often found as a contaminant in cereals and agricultural products (EFSA, 2006) . In rodents, OTA induces a high incidence of renal adenomas/carcinomas (Bendele et al., 1985; Mantle et al., 2005; NTP, 1989) . OTA is also a well-known nephrotoxicant and might be associated with Balkan endemic nephropathy and urinary tract tumors in humans (JECFA, 2001) . Accordingly, OTA is classified by the International Agency for Research on Cancer as a 2B group compound. Nevertheless, human exposure to OTA from various foods is still considerable (EFSA, 2006) , and currently, there is no way of preventing exposure to the contaminant. Therefore, an understanding of the modes of action underlying OTA-induced renal carcinogenesis is critical for assessments of the hazard to human health.
Although the formation of OTA-specific DNA adducts has been demonstrated in the kidney of rats treated with OTA (Mantle et al., 2010) , contradictory data of no OTA-specific DNA adducts detected have also been reported (Delatour et al., 2008 ). An in vitro study using rat proximal tubular cells revealed that OTA induced oxidative DNA damage, possibly by depletion of cellular glutathione (Schaaf et al., 2002) , whereas an in vivo study found that exposure of rats to OTA increased lipid peroxidation levels in the kidneys (Ozc xelik et al., 2004) . However, antioxidants combined with OTA attenuated the OTA-induced nephrotoxicity in rats but did not affect the incidence of renal tumors (Pfohl-Leszkowicz et al., 2002) . In tests for reverse gene mutations, exposure to OTA had no effect on mutagenicity in most Ames tests (JECFA, 2001) ; the exceptions were tests conducted on mouse kidney microsomes (Obrecht-Pflumio et al., 1999) and rat hepatocytes exposed to OTA (Hennig et al., 1991) . The results of other genotoxicity assays such as unscheduled DNA synthesis, in vitro sister chromatid exchange, and in vitro chromosomal aberration have not yielded consistent results (JECFA, 2001) .
Reporter gene mutation assays in which the absorption, distribution, metabolism, and excretion of the test chemicals can be taken into consideration are promising tools for investigation of the genotoxic mechanisms of carcinogenic chemicals that show equivocal outcomes in conventional mutagenicity tests (WHO, 2006 ). An additional advantage of this assay is the ability to investigate in vivo mutagenicity at the target organs Umemura et al., 2006) . However, some chemicals exert their carcinogenic effects at specific sites in these target organs, possibly due to the kinetics of chemical transporters (Launay-Vacher et al., 2006) and the location of various carcinogenic modifying factors such as activating (Lohr et al., 1998) and DNA repair enzymes (Hong et al., 2001) . We have demonstrated reporter gene mutations in mucosal epithelium of the colon and transitional epithelium of the urinary bladder (Suzuki et al., 1996) . Although mutant frequency (MF) of lacI gene in different parts of the kidney was demonstrated by means of aspirating the samples with a pipette (de Boer et al., 2000) , the use might be limited in terms of a small amount of the corrected tissue. Thus, there have been few reports of sitespecific in vivo mutations in parenchymatous viscera.
In the present study, OTA-specific target sites were confirmed in the kidneys of gpt delta rats, and the reporter gene mutation assay was performed using DNA extracted from whole kidneys. In order to clarify involvement of genotoxic mechanisms in OTA-induced renal carcinogenesis, the kidney was divided into the cortex (COR) and medulla and DNA was subsequently extracted to examine oxidative DNA damage and reporter gene mutation frequencies.
MATERIALS AND METHODS

Experimental Animals and Housing Conditions
The protocol for this study was approved by the Animal Care and Utilization Committee of the National Institute of Health Sciences. Specific pathogen-free, 5-week-old male and female F344/NSlc-Tg (gpt delta) rats carrying about five tandem copies of the transgene lambda EG10 per haploid genome were obtained from Japan SLC (Shizuoka, Japan) and acclimated for 1 week prior to commencement of testing. Animals were housed in a room with a barrier system and maintained under constant temperature (23 ± 2°C), relative humidity (55 ± 5%), air change (12 times/h), and lighting (12 h light-dark cycle) with free access to an Oriental CRF-1-basal diet (Oriental Yeast Co., Ltd, Tokyo, Japan) and tap water.
Test Compound
OTA was extracted from a culture of Aspergillus ochraceus (BD-5). Fermentative production of OTA was performed based on the culture and extraction methods of Kumata et al. (1980) with minor modifications. Several 500-ml Erlenmeyer flasks containing 100 g of polished rice were autoclaved before the addition of 20 ml of sterilized water. The rice was inoculated with spores of A. ochraceus and incubated for 2 weeks at 25°C. After incubation, 200 ml of chloroform-acetic acid (99:1) was added to the moldy rice in each flask. The extracts collected from the flasks were concentrated and precipitated with 4 l of hexane on a stirrer. The precipitate was dissolved in 500 ml of chloroform and subjected to chromatography using a silica gel column and mobile phases of benzene-acetic acid (100:0 to 88:12) with a linear gradient. The benzene-acetic acid (95:5 and 92.5:7.5) eluates were evaporated to dryness. Benzene was added to the extract, and the solution was heated followed by gentle cooling for crystallization of OTA. The purification of crystals was confirmed by high-performance liquid chromatography according to the method of Sugita-Konishi et al. (2006) . The purity of OTA was estimated to be > 95% from the area percentage of the chromatogram (data not shown).
Animal Treatment
Experiment I. Groups of four to five male and female gpt delta rats were administered OTA at a concentration of 5 ppm in the basal diet or basal diet without supplement (control) for 4 or 13 weeks. The dietary dose level of 5 ppm was selected based on the carcinogenic dose reported in a 2-year carcinogenicity study of rats (Mantle et al., 2005) . Based on the preliminary 1.63 ± 0.07 1.31 ± 0.11** 1.09 ± 0.04 0.92 ± 0.05** 2.10 ± 0.08 1.60 ± 0.11** 1.18 ± 0.09 0.94 ± 0.03** Relative weight (g/100 g b.w.) 0.68 ± 0.03 0.57 ± 0.03** 0.70 ± 0.05 0.65 ± 0.03 0.59 ± 0.03 0.47 ± 0.02** 0.60 ± 0.04 0.51 ± 0.11* a Mean ± SD. *,**Significantly different from the control group at p < 0.05, 0.01, respectively. study for OTA stability, the diet was prepared once every week and was stored in the dark at 4°C prior to use. At necropsy, the kidneys were weighed, and a portion of the harvested kidneys were fixed in 10% neutral buffered formalin. Fixed tissues were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE). The remaining kidneys were stored at À80°C for in vivo mutation assays and the measurement of 8-hydroxydeoxyguanosine (8-OHdG) levels.
Experiment II. Groups of five male gpt delta rats were fed 5 ppm OTA or basal diet without supplement for 4 weeks. At necropsy, the harvested kidneys were divided into the COR, the outer medulla (OM), and the inner medulla. After the kidneys were cut along the long axis, the COR was macroscopically separated with curving scissors using the arcuate arteries at the boundary of the COR and medulla as a landmark. The OM was divided on the basis of the distinguishable color of each part (i.e., OM: pale brown; inner medulla: white). The COR and OM were stored at À80°C for in vivo mutation assays and the measurement of 8-OHdG levels. A portion of each part was fixed in 10% neutral buffered formalin and routinely processed for histopathological examinations.
Measurement of Nuclear 8-OHdG
DNA extraction and digestion was performed according to the method of Nakae et al. (1995) and our previous report (Umemura et al., 2006) . The samples were homogenized with lysis buffer including commercial DNA isolation kit. The mixture was centrifuged at 10,000 3 g for 20 s at 4°C. The deposit was dissolved in 200 ll of enzyme reaction buffer. After treatment with RNase and protease K, the DNA pellet was obtained by washing with 2propanol and ethanol and centrifugation. The dried DNA pellet was dissolved in 20lM sodium acetate buffer, pH 4.8, and was incubated with 4 ll of nuclease P1 (2000 U/ml) at 70°C for 15 min. Then, 20 ll of 1.0M Tris-HCl buffer, pH 8.2, was added, and the sample was incubated with 4 ll of alkaline phosphatase (2500 U/ml) at 37°C for 60 min. After the addition of 20 ll of 3.0M sodium acetate buffer, pH 5.1, the digested DNA samples were passed through 100,000 NMWL filter (Millipore, Bedford, MA) and injected into the liquid chromatography with electrochemical detection.
In Vivo Mutation Assays 6-Thioguanine (6-TG) and Spi À selections were performed using the method of Nohmi et al. (2000) . Briefly, genomic DNA was extracted from the kidneys of male or female animals in each group, and lambda EG10 DNA (48 kb) was rescued as phages by in vitro packaging. For 6-TG selection, packaged phages were incubated with Escherichia coli YG6020, which expresses Cre recombinase, and converted to plasmids carrying genes encoding gpt and chloramphenicol acetyltransferase. Infected cells were mixed with molten soft agar and poured onto agar plates containing chloramphenicol and 6-TG. In order to determine the total number of rescued plasmids, infected cells were also poured on plates containing chloramphenicol without 6-TG. The plates were then incubated at 37°C for selection of 6-TG-resistant colonies, and gpt MF was calculated by dividing the number of gpt mutants after clonal correction by the number of rescued phages. gpt Mutations were characterized by amplifying a 739-bp DNA fragment containing the 456-bp coding region of the gpt gene (Nohmi et al., 2000) and sequencing the PCR products with an Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems Japan Ltd). For Spi À selection, packaged phages were incubated with E. coli XL-1 Blue MRA for survival titration and E. coli XL-1 Blue MRA P2 for mutant selection. Infected cells were mixed with molten lambda-trypticase agar plates. The next day, plaques (Spi À candidates) were punched out with sterilized glass pipettes and the agar plugs were suspended in SM buffer. The Spi À phenotype   FIG. 1. Boundary of the renal COR and medulla (A) and OSOM (B) of a male F344 gpt delta rat treated with OTA. Vacuolation, apoptosis (arrow), and karyomegaly (arrow head) were apparent at the S3 segment of the proximal tubules of the OSOM. There were no remarkable changes in the COR (C) and the inner stripe of the OM (D). HE stain. 408 HIBI ET AL.
was confirmed by spotting the suspensions on three types of plates where XL-1 Blue MRA, XL-1 Blue MRA P2, or WL95 P2 strain was spread with soft agar. Spi À mutants, which made clear plaques on every plate, were counted. Positive DNA samples (controls) were simultaneously applied in all the in vivo mutation assays.
Statistics
The data for body and kidney weights, 8-OHdG levels, and gpt and Spi À MFs were analyzed statistically as follows. Variance in the data was checked for homogeneity with the F-test. When the data were homogeneous, the Student's t-test was applied. In heterogeneous cases, Welch's t-test was used instead.
RESULTS
Experiment I
Body and kidney weights, food consumption, and OTA intake. Body and kidney weights are summarized in Table 1 . No significant changes in body weight were observed in either sex during the experimental period. Significant decreases in absolute and/or relative kidney weights were observed in males and females treated with OTA at 4 and 13 weeks. The average food consumption per day was approximately 20.0 g for males and 15.2 g for females in the control group and 19.3 g for males and 12.3 g for females in OTA group (Table 2) . The average daily OTA intakes were 0.36 mg/kg body weight (b.w.)/day for males and 0.38 mg/kg b.w./day for females. The total intakes of OTA over the 13 weeks were 32.7 mg/kg for males and 34.0 mg/kg b.w. for females.
Histopathological findings in the kidneys. Histopathological features in the kidneys of the control and treatment groups are shown in Figure 1 . In both sexes treated with OTA, apoptosis denoted by pyknotic and fragmented nuclei, karyomegaly characterized by prominent nuclear enlargement, and vacuolation in proximal tubule epithelial cells in the outer stripe of the OM (OSOM) were found ( Figs. 1A and 1B) . The incidence of apoptosis and karyomegaly reached 100% in all treated rats from 4 weeks. The incidence of vacuolation was 40% at 4 weeks and 100% at 13 weeks in the treated males and 100% from 4 weeks in the treated females. These changes were not found in the COR, the inner stripe of the OM, or the inner medulla (Figs. 1C and 1D) .
In vivo mutation assays in the kidneys. Data for gpt and Spi À MFs in the kidney of male and female gpt delta rats treated with OTA for 13 weeks are summarized in Tables 3 and 4 . There were no significant differences in the gpt MFs in either sex between the groups (males: 0.89 ± 0.28 in the OTA group, 0.70 ± 0.26 in the control group; females: 0.49 ± 0.41 in the OTA group, 0.36 ± 0.20 3 10 À5 in the control group). To characterize the types of gpt mutations caused by OTA exposure, we determined the gpt mutation spectra in the gpt mutant colonies. As a result, OTA-specific gpt mutation spectra were not found (Table 5 ). Spi À MFs in the treated males and females (males: 0.14 ± 0.12; females: 0.32 ± 0.23 3 10 À5 ) were also not significantly different from those in the relevant control groups (males: 0.18 ± 0.04; females: 0.14 ± 0.08 3 10 À5 ).
Oxidative DNA damage in the kidneys. The results for 8-OHdG levels in the kidneys at 13 weeks of OTA exposure are shown in Supplementary figure 1. The 8-OHdG levels in both sexes treated with OTA (males: 0.31 ± 0.05; females: 0.42 ± 0.15 8-OHdG/10 5 dG) had no significant differences as compared with the control values (males: 0.39 ± 0.08 at 13 weeks; females: 0.32 ± 0.03 8-OHdG/10 5 dG).
Experiment II
In vivo mutation assay in the COR and OM. The kidneys were macroscopically divided into the COR, the OM, and the inner medulla ( Fig. 2A) . The cell components of each part were confirmed using HE-stained sections. The COR included cortical components such as the S1 and S2 segments of the proximal tubules and glomeruli, but not the medullar components (Fig. 2B) . The S3 segment of the proximal tubules primarily occupied the OM (Fig. 2C) . Data for gpt and Spi À MFs in the COR and OM in the kidney of male gpt delta rats treated with OTA for 4 weeks are shown in Tables 6 and 7, respectively. No significant differences in gpt MFs were observed in either the COR or the OM (COR: 0.28 ± 0.12 in the OTA group, 0.26 ± 0.17 3 10 À5 in the control group; OM: 0.38 ± 0.12 in the OTA group, 0.20 ± 0.12 3 10 À5 in the control group). Also, OTA-specific gpt mutation spectra were not observed (Table 8) . Interestingly, in the OM, Spi À MFs in the OTA treatment group were significantly higher (p < 0.05) No mutant colonies were detected on the plate, with those data being excluded from the calculation of MF.
IN VIVO MUTAGENICITY OF OCHRATOXIN A
than in the control group (0.45 ± 0.15 in the OTA group, 0.16 ± 0.21 3 10 À5 in the control group). However, there were no significant differences in Spi À MFs in the COR compared with the control group (0.27 ± 0.10 in the OTA group, 0.25 ± 0.14 3 10 À5 in the control group).
Oxidative DNA damage in the COR and OM. The levels of 8-OHdG in the COR and OM are shown in Figure 3 . There were no significant differences in 8-OHdG levels in the COR or OM of rat kidneys treated with OTA (COR: 0.21 ± 0.02, OM: 0.20 ± 0.01 8-OHdG/10 5 dG) versus the controls (COR: 0.21 ± 0.05, OM: 0.16 ± 0.04 8-OHdG/10 5 dG).
DISCUSSION
Exposure of gpt delta rats to OTA at the carcinogenic dose caused karyomegaly and apoptosis of tubular epithelial cells at OSOM, in line with previously reported data (Boorman et al., 1992; Rached et al., 2007) . These histopathological changes were not observed at any other regions. Judging from their morphological features, the affected tubules were surely the S3 segment of the proximal tubules. OTA is excreted and reabsorbed in the renal tubules through several transporter proteins such as organic anion transporters, H þ -dipeptide cotransporter, and multidrug-resistant protein-2 (Pfohl- Leszkowicz and Manderville, 2007) . In rats, reabsorption rates that are dependent on organic anion transporters are highest at the S3 segment (Dahlmann et al., 1998) . Although the pathogenesis of apoptosis remains uncertain, it is thought that OTA can potentially arrest G2/M progression in the cell cycle, consequently leading to the induction of abnormally enlarged nuclear formation under higher cell proliferating stimuli (Adler et al., 2009 ). Thus, the overall data indicate that the distribution of OTA in the kidney is not uniform but is very eccentrically located at the OSOM. Therefore, the observation that even a 13-week exposure to OTA, which is much longer than the 4 weeks recommended in the standard protocol for reporter gene mutation assays (WHO, 2006) , did not affect the MFs of gpt and red/gam in DNA extracted from whole kidneys does not imply that genotoxic mechanisms are not involved in OTA-induced renal carcinogenesis. Until now, in cases where chemical carcinogens target epithelial cells of hollow viscera, DNA was extracted after scraping the mucosal surface to be examined in reporter gene mutation assays . In the present study, the kidney was cut into three parts based on morphological characteristics: the COR, OM, and the inner medulla. Histopathological analyses confirmed the identities of each section. In particular, it was recognized that the OM was composed chiefly of the S3 segment of the proximal tubules, an OTA target site. The reporter gene mutation assay was then performed using DNA extracted from the COR and OM. The MFs of the red/gam genes in the OM were significantly increased despite a lack of mutations in the gpt genes. MFs of the gpt and red/gam genes were not changed in the COR. Thus, OTA was able to induce reporter gene mutations at the target site, strongly suggesting involvement of genotoxic mechanisms in OTA-induced renal carcinogenesis.
Because inactivation of the red/gam protein requires a disruption spanning the two genes, a positive result in the Spi À assay is indicative of an increase in deletion mutations (~10,000 bp) (Nohmi et al., 2000; WHO, 2006) . Therefore, the present data suggest that OTA exposure is capable of inducing deletion mutations in the DNA of the target site. We demonstrated that potassium bromate, a renal carcinogen, is positive in Spi À assay along with 8-OHdG formation in kidney DNA (Umemura et al., 2006) . Yang et al. (2006) found that deletion mutations occurred following 8-OHdG formation during base excision repair by OGG1 encoding a specific repair enzyme for 8-OHdG adduct. It has also been reported that OTA suppresses some antioxidant enzymatic activities and generates lipid peroxidation (Ozc xelik et al., 2004) and that the toxin inhibits the activity of the transcription factor Nrf2 induced by oxidative stress (Cavin et al., 2007) . Accordingly, it has been proposed that oxidative stress might be involved in OTA-induced tumorigenesis (JECFA, 2008; Pfohl-Leszkowicz and Manderville, 2007) . However, OTA exposure to rats failed to elevate 8-OHdG (Mally et al., 2005) , in line with our present data. Also, DNA extracted from the OM showed no changes in 8-OHdG levels. Along with deletion mutations, it is well known that 8-OHdG causes GC:TA transversion mutations due to the mispair with adenine. However, OTA exposure did not significantly increase frequencies of GC:TA transversion mutations in the gpt mutant colonies. Thus, although the participation of any other oxidized bases strictly remains unclear, it is highly probable that oxidative DNA damage contributes to neither induction of deletion mutations nor renal carcinogenesis following OTA exposure of rats. Some exogenous and endogenous agents that can induce deletion mutations cause double-stranded DNA breaks through a direct interaction with DNA, resulting in pyrimidine dimers, interstrand cross-links, apurinic sites, or modified bases (Nohmi and Masumura, 2005) . Because OTA exposure of rats is subject to the formation of apurinic sites (Cavin et al., 2007) , it has been assumed that OTA-induced deletion mutations might result in DNA strand breaks, which might be supported by the positive results of the alkaline comet assay (Zeljezić et al., 2006) . Epidemiological data for humans indicate a relationship between exposure to OTA and urothelial tumors, but not renal tumors. OTA can be a substrate for a human organic anion transporter taking part in the uptake of OTA into proximal tubule cells (Jung et al., 2001) . In addition, karyomegaly in the renal tubules of patients with high OTA blood concentration (Hassen et al., 2004) and OTA-specific DNA adducts in the kidneys of patients in the endemic areas of the Balkan endemic nephropathy (Pfohl-Leszkowicz et al., 1993) enable us to extrapolate the present data to humans.
In conclusion, genotoxic mechanisms, except oxidative DNA damage, might be involved in OTA-induced renal carcinogenesis in rats. Site-specific reporter gene mutation assays based on histopathological analyses could be a powerful tool for the investigation of chemical carcinogenesis.
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